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I. INTRODUCTION E have investigated scattering from the classic wedge
and have shown that the method of iteration of the surface current integral equation predicts currents and backscattered fields that are good approximations to the Sommerfeld solution. The method of iteration has also been applied to a truncated wedge on a flat surface with the result that the scattering from this wedge is seen to be very much different from the Sommerfeld solution. These results and their implications for ocean backscatter are reported herein.
Sommerfeld solved the problem of electromagnetic scattering from a perfectly conducting wedge in his classic 1896 paper on diffraction [l] . Since that time, there have been a number of investigations ([2] and references therein) of the analytic properties of his solutions. A succinct review can be found in [2] . These solutions to wedge scattering form the basis of scattering from sharp, wedgelike objects as treated by the Uniform Geometrical Theory of Diffraction (UGTD) [3] . Scattering from wedgelike objects on the ocean's surface is sometimes [4] , [5] invoked as an important scattering mechanism to help explain the large experimental values of the polarization ratio (~H H / ( T V V ) observed at low grazing angles [6] . These experimental values vary from about -20 dB to near 0 dB. Theories based on Bragg resonance backscatter predict far lower values than these, typically, about -40 dB.
Sommerfeld's solutions for the total electromagnetic fields are in terms of contour integrals in the complex plane. The asymptotic forms for the diffracted fields are cylindrical waves generated by line sources located at the edge of the wedge [7] . These asymptotic solutions have played an important role in the development of Keller's original geometrical theory of diffraction (GTD) [8] . Some shortcomings of Keller's theory, particularly dealing with the transition between shadowed and unshadowed regions, were overcome by [9] in the uniform theory of diffraction (UTD). Many of the same issues can be dealt with using the theory of equivalent currents [lo] . All of these theories are improvements to the theory of geometric optics (GO) and all exploit the asymptotic behavior 
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of Sommerfeld's solutions when applied to scattering from edges. It is important to keep in mind that all these theories are applicable in the high frequency limit where the diffraction process can be viewed as being approximately local.
One application of these extensions of GO has been to calculate the scattering produced by wedgelike objects on the ocean's surface. Reference [4] suggested a two-dimensional wedge scattering model based on the theory of equivalent currents [lo] . A three-dimensional model is discussed in [5] (hereafter referred to as the JVG wedge), where the scattered field is calculated by UGTD [3] . This latter paper was one of the motivations for us to investigate wedge scattering and is the source of the particular parameters we have considered. It is to be noted that the height of the JVG wedge is small on the scale of the wavelength of the incident radiation and that the polarization ratio at 85 degrees incidence is reported to be about -22 dB. This polarization ratio is significantly different from the -42 dB we have calculated because, as we will show explicitly, the JVG wedge does not scatter as a classical Sommerfeld wedge, which is the implicit underlying assumption of [5] .
The outline of this paper is as follows, In Section I1 we review the Sommerfeld solution, and we show in Section I11 that a very accurate approximation to this solution can be obtained by the method of iteration. A calculation of the backscattered fields for a simplified version of the JVG wedge is discussed in Section IV. Section V summarizes the main conclusions in this paper.
SOMMERFELD SOLUTIONS
The geometry for wedge scattering with an incident plane wave is shown in Fig. 1 as adapted from [2] . The Cartesian coordinates are (x, y, z ) , where x is to the right, y is up, and i is out of the paper. The enclosed angle of the wedge is 20, and the backscatter direction relative to the x-axis is $o, so that the angle Og relative to the upper face of the wedge is A parameter characteristic of the wedge is
) .
For the numerical calculations discussed below, we set Og = 27", R = 68". 
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in Section IV. Notice that for these parameters, the lower face of the wedge is in shadow. The calculations will be done at X-band, where the incident radiation has a wavelength X of 3 cm.
For our purposes, we will consider the asymptotic form of the diffracted fields for which rcp >> 1. Here, K is the wavenumber of the incident radiation,
and p is the radial distance in a cylindrical coordinate system centered at the edge of the wedge (Fig. 1) . For vertical polarization, or V-pol, the magnetic field is parallel to the edge of the wedge. The asymptotic form of the diffracted magnetic field away from geometrical optics boundaries is [ 2 ] :
where the subscript z refers to the z direction, normal to the paper in Fig. 1 . Equation ( 5 ) can be used to calculate the current on the surface of the wedge far from the edge. Defining n to be the unit vector normal to the surface and pointing away from the wedge, the surface current J-= n x B, is
Note that jj points directly away from the edge. The surface currents, (6) and (7), include both the incident and the reflected fields. Equation ( 5 ) may also be used to calculate the for the lower face. N backscattered field, as will be discussed at the end of this section.
For horizontal polarization, H-pol, the electric field is parallel to the edge of the wedge. The asymptotic form of the diffracted electric field away from geometrical optics boundaries is [ 2 ]
To calculate the surface current, we first calculate the magnetic field using Maxwell's equation
Since E is in the z direction, normal to the paper in Fig. 1 , B is in the plane of the paper and consists of two components. The / 3 component is rc and the 4 component is
On the surface of the wedge, the unit vector 4 is parallel to the normal unit vector n, so that B$ makes no contribution to the induced surface current J-= n x B. On the other hand, the unit vector b is perpendicular to n so that BZ provides the sole contribution to J :
for the lower face. (13) Comparing (12) and (13) to (6) and (7), we observe that the induced surface current J is perpendicular to the edge of the The component B: in (1 l), along with B,d in (5), can now be used to calculate a quantity that is proportional to the backscattered field. We calculate, for each polarization (14) .i The predicted values for B, for each polarization, are then [using (5) and (ll)] l . w
For the numerical values given in (3), we have BH = -9.079 x 10-'i,
This implies a polarization ratio of -21.8 dB.
WEDGE SCATTERING BY THE METHOD OF ITERATION
In this section, we calculate the surface currents and backscattered fields for the wedge shown in Fig. 2 by means of iteration of the magnetic field integral equation (MFIE). Note that this is the same wedge as the one described in Fig. 1  and (3) ; the coordinate system in Fig. 2 is chosen to simplify the iterative calculation. The enclosed angle of the wedge is still 2R = 136", and the angle, relative to the upper face of the wedge, is still 8, = 27". Only the coordinate system has been redefined. The upper face coincides with the y-axis, while the lower face is characterized by a slope S O . Since we are employing the MFIE, the surface must possess continuous height and slope variations. Consequently, we can not directly use the slope discontinuity exhibited by the wedge in Fig. 2 . Instead, we introduce a sharply peaked surface to smoothly 0.01
. , . , . , . , . , . connect the two flat planes. The surface is expressed in terms of the height ~( y ) :
where yo is and 1/R is the maximum curvature. This surface has continuous zeroth, first and second derivatives; it is, therefore, a Lyapunov surface. Fig. 3 shows the connecting surface compared to the sharp wedge for R = X/16, S O = tan(44") and X = 3 cm. The maximum curvature for this case is 533 m-l. The quantities we calculate, j(y), are related to the surface currents and are defined as
where B(y) is the total magnetic field on the surface at horizontal coordinate y, and n(y) is the (unnormalized) normal to the surface at this point: (Fig. 2) , and the backscatter wavenumber vector is 
Hi1) is the Hankel function of the first kind (order 1). To solve the MFIE for the currents, we use the result that the asymptotic
values of the surface current are known. In particular, we assume i sin 0 u2 u y > y+:
(33) Hi') is the Hankel function of the first kind (order 0).
As noted above, the lower face of the wedge is in shadow.
From the point of view of the integral equations, shadowing
.IH (y) = 2 cos 0,
As can be seen from the asymptotic expressions for the wedge solutions, the assumed values are easy to obtain in H-pol and very difficult to obtain in V-pol. Typically, we used
The fact that the V-pol results are somewhat inaccurate outside this domain seems to affect the scattered field or the calculated current very little. Including the contributions from the distant flat plates, which are obtained from (33) and (34), the actual integral equations that we solve by iteration on the interval y-< y < y+7 are
J V ( y ) = 2 + i K r / ( y ) e i n C O S @~( y ) T v (9)
occurs because, for the lower face (y < 0), there is a stationary phase point ysp on the upper face for the multiple scattering integral. The location of this stationary phase point is
The above asymptotic expressions are accurate only if the stationary phase point does not lie in the region of integration implied by the definitions of Tir and T H , that is,
Clearly, for fixed y+, y-has to be restricted. The values we use, (39, satisfy (50). The other point to notice here is that, as the angle 0, decreases, y+ has to increase for fixed y-.
The form of the integral equations (36) and (37) Defining JN (y) as the solution for the total induced current at the end of N iterations, we determine JN+I (y) by the equation
where the starting point Jo(y) of the iteration process is (i.e., as the edge curvature increases), both the amplitude and phase of the B-fields approach those calculated by the Sommerfeld Solutions. Thus, smooth but highly peaked surfaces are shown to closely approximate infinitely sharp surfaces. The convergence of the integral equations as a function of the number of iterations is illustrated in Table I1 for V-pol and in Table I11 for H-pol for R = X/16. The convergence is slightly more rapid in V-pol than in H-pol. As mentioned above, we continued the iteration process beyond what is shown in Tables I1 and I11 until the limit was attained (10 iterations for this case). Iterations beyond those in the tables show that the scattered fields did not change sufficiently and the S J simply continued to decrease. There was no indication of instability in the iteration process at this level of numerical accuracy.
Figs. 4 and 5 show the V-pol and H-pol induced surface currents for R = X/16. The H-pol current decreases very rapidly in the shadowed region, while the V-pol current decreases much more slowly. In fact, at y = y-, we still have a rather large value of Jv,lJvl = 6.75 x lo-'. In the illuminated region, the H-pol current rapidly approaches the flat plate value while in V-pol the current has a slowly decreasing oscillating contribution in addition to the flat plate value. This occurs because Gv(y, y') approaches zero more slowly than GH(y,y') as y + &x for fixed y'.
v-pol:
The procedure in (52) is continued until the maximum value of the absolute change in the current, SJ, is less than everywhere in the computational domain, Ten iterations or less were required for each of the three calculations described here. We have calculated the surface currents for both polarizations as well as the backscattered fields (14) for the parameters mentioned above: that is, 0 = 63" and X = 3 cm. Three values of R were used: R = X/4,X/8 and X/16. The typical sampling interval for the calculations was 1 mm (X/30), 'although the peaked region for R = X/16 had a sampling interval of 112 mm. Table I shows the backscattered fields computed by the iteration method for the three values of R, as Well as those computed using the Sommerfeld Solutions. As R decreases In [ll] , expressions are derived for the calculation of the boundary conditions for the electromagnetic fields for a perfectly conducting surface. These relationships serve as important numerical checks on the calculated currents. For perfect conductors, n . B should vanish, which is nontrivial in H-pol. Fig. 6 shows the absolute value of n . B employing the surface current calculated for R = X/16; note that In. BI is typically much less than one percent. The only exception occurs in the vicinity of the edge, where In . BI is slightly greater than one percent. The suggestion is that the calculated current near the edge could be in slight error, probably due to under sampling (the transition from one flat plane to the other occurs in only five points, even at a sampling of 1/2 mm). Overall, the results shown in Fig. 6 indicate that the H-pol current has been calculated quite accurately. The other boundary condition in H-pol, the vanishing of the tangential electric field, does not lead to a new independent relationship as it is simply related to the n . B condition [Ill. As for V-pol, the nontrivial boundary condition is the vanishing of the tangential component of the electric field [the normal component condition is related to the MFIE]. Fig. 7 shows the absolute value of the tangential electric field (n x El. It has the same general features as Fig. 6 , typical values less than one percent with peak values in the vicinity of the edge. The V-pol current is in slight error near the edge, but the overall accuracy is very good. 
Here the z and y axes are horizontal, and z = q(z,y) is the height of the wedge. The backscatter polarization ratio (THH/(TVV is reported to be about -22 dB at an incidence angle of 85 degrees when the x-axis is perpendicular to the plane of incidence. The geometry in the vicinity of the edge (y = 0) is essentially the same as discussed in Sections I1 and 111. Recall that the backscatter polarization ratio for the Sommerfeld wedge for this geometry was -21.8 dB. To control the edge discontinuity, we define a series of filtered "wedges" Recall that at 85 degrees incidence and for X-band, the Bragg wavenumber for backscatter is 419 m-l, so that we would expect a significant increase in the backscatter as I C, , ,
The formulation to derive the currents with the iteration method is the same as that presented in Section I11 except for a few minor changes. In particular, for large negative y c.f., (34), we assume which leads to additional terms in the integral equations. In (36) and (37), we have 
ZH(y) = K 1, dY'+ (n;j.)e-i"S'"e(y'-y)
Since we are considering a low grazing angle, Tv(y) and TH (y) are evaluated by means of the expressions given in [ 111.
As for Zv(y) and Z,(y), asymptotic expansions similar to 
For each value k , , that we have considered, we have run three sets of calculations to check the sensitivity to the computational domain and the sampling: In each case, except for I C, , , = 100 m-l, the backscattered field (14) in each channel changes little. The H-pol results typically change by less than a few percent while the V-pol where ij(k) is given by (58). Table IV shows the backscattered field (131 computed from (14) for a series of k , ,
for parameter set (a), as well as the maximum value of the curvature. The Rice result is shown for comparison. The convergence of the iteration process is similar to that for the wedge discussed in Section 111, although the limit occurs typically after fewer iterations. Table IV indicates that for both polarizations, the backscattered fields, as expected, are rather low when I C, , , is below Bragg and quickly saturate once I C, , is above Bragg. The saturated polarization ratio is about -42 dB, about 20 dB lower than predicted by Sommerfeld wedge scattering. Recall, all these calculations are for X-band (A = 3 cm). It is undoubtedly true that if the frequency was raised sufficiently, the wedge results of Section I11 would be approached, assuming that the geometric size of the scatterer remained the same. However, for the actual case of interest, the scatterer is so small on the scale of the incident wavelength that its "wedgelike" character is of little significance.
Figs. 8 and 9 show the values of n . B for H-pol and n x E for V-pol, respectively, for I C, , , = 1000 m-l and a horizontal sampling interval of mm. While most of the values are very small, indicating good agreement with the perfect conductor boundary condition, the largest deviations occur at the peak (y = 0) of the waveform. These results indicate, not surprisingly, that very fine sampling is required in the vicinity of any region where the slope is changing rapidly. Since the errors in Figs. 8 and 9-a few percent at most-are much larger than the criterion for convergence of the iteration process given by (54), ISJ,( < the more restrictive of these conditions is the accuracy with which the boundary conditions are satisfied. 
v. SUMMARY OF CONCLUSION
Our study of the applicability of the method of iteration to scattering from perfectly conducting wedge-like surfaces has so far led to several important conclusions: 
